Bubble formation from a downward-facing single-hole nozzle immersed in a still circular water bath has been observed with a high-speed video. An empirical equation is derived for the frequency of bubble formation, f B0 , as a function of gas flow rate Q g , the inner and outer diameters of the nozzle, d ni and d no , the acceleration due to gravity, g, and the physical properties of fluids. A cross-flow is imposed on the nozzle by rotating the bath around its vertical axis. The frequency of bubble formation in the presence of the rotating flow, f B , is predicted using f B0 and the rotating flow velocity, v .
Introduction
Various types of gas injection systems have been developed to enhance mixing, and hence, metallurgical reactions in the reactors of the current steelmaking processes. The shape, size, and dynamic behavior of bubbles in the reactors are strongly responsible for the efficiency of the processes. [1] [2] [3] Many experimental and theoretical investigations have been carried out on the bubble characteristics. Previous investigators, however, mentioned mainly about the bubble formation from an upward-facing nozzle and the subsequent rising behavior of the bubbles. [4] [5] [6] [7] [8] Information on the behavior of bubbles generated from a downward-facing nozzle attached to a top lance is rather limited.
Meanwhile, enhancement of the metallurgical reactions between injected gas and molten metal in the reactors of the steelmaking processes can be achieved by increasing the interfacial area between bubbles and molten metal. A variety of methods have been proposed for producing as small bubbles as possible because the interfacial area can be increased by decreasing the bubble diameter. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The methods are classified into three categories; an ultrasonic vibration method, 9, 10) an electrostatic method, 11, 12) and a cross-flow method. [13] [14] [15] [16] [17] [18] The last method, i.e., the method of imposing a cross-flow on a nozzle seems the most adequate method among the three methods for producing small bubbles in molten metal baths. For example, a cross-flow can be generated by rotating a top lance, to which a downward-facing nozzle is attached, in the molten metal baths of actual processes. 19) However, observing the bubble formation at the nozzle tip attached to the rotating top lance is difficult even in water model experiments. In this water model study a rotating flow was imposed on a downward-facing nozzle attached to a top lance by immersing that in a rotating water bath. 20) Empirical equations for the frequency of bubble formation were proposed in the absence as well as in the presence of the cross-flow. Figure 1 shows a schematic of the experimental apparatus. The cylindrical test vessel made of transparent acrylic resin had an inner diameter D of 193 Â 10 À3 m and a height H of 400 Â 10 À3 m. The vessel was enclosed with a water jacket having a square cross-section in order to decrease the distortion effect as much as possible. Water was filled to a predetermined depth, H L , of 300 Â 10 À3 m in the test vessel. Air was injected into the water bath through a downwardfacing single-hole nozzle attached to a straight top lance made of glass. The inner and outer diameters of the nozzle, d ni and d no , are listed in Table 1 . The nozzles were wetted by water, and the contact angle was 80
Experimental Apparatus and Procedure
. The process of bubble formation was observed with a high-speed video camera at 200 frames per second. In order to reveal the effect of the cross-flow on the frequency of bubble formation, the vessel was rotated around its vertical axis with a motor installed below the water jacket. The rotation frequency, f M , was raised up to 100 rpm (1.67 Hz). Each top lance was immersed in the bath, and air was injected after the water flow in the bath became steady. In the steady state the tangential velocity of water flow, v , was satisfactorily approximated by the following relationship. 20 )
where ! ð¼ 2 f M Þ is the angular frequency of rotation and r is the radial distance from the vertical axis of the vessel to the nozzle tip. Accordingly, the velocity of the rotating flow at the nozzle tip can readily be determined as the radial position of the nozzle tip is given a priori. The ratio of the centrifugal force acting on a bubble just before detachment from the nozzle to the drag force acting on the bubble due to the rotating flow was set to be small so that the effect of the centrifugal force on the frequency of bubble formation, f B , was negligible. The detail of the procedure is described in the previous article. Figure 2 shows the measured values of the frequency of bubble formation from a nozzle of
20)

Experimental Results and Discussion
Data on the frequency of bubble formation
The measured values of the frequency obtained in the absence of the rotating flow, f B0 , increased monotonically with an increase in the gas flow rate, Q g . On the other hand, the measured values of the frequency obtained in the presence of the rotating flow, f B , became greater than f B0 when the gas flow rate, Q g , was relatively low, but became smaller than f B0 when Q g exceeded a certain critical value, Q gc . The same tendency was observed for the remaining four nozzles.
Derivation of an empirical equation for the fre-
quency of bubble formation in the absence of rotating flow, f B0 3.2.1 Bubble volume in the low gas flow rate regime 2, 21) When the gas flow rate, Q g , is low, the buoyancy force and surface tension force mainly act on a bubble. A force balance just before detachment of a bubble from an upward-facing nozzle in the low gas flow rate regime is expressed by
where V B1 is the volume of the bubble, L is the density of liquid, g is the density of gas, g is the acceleration due to gravity, is the surface tension, and c is the contact angle.
On the other hand, bubble formation from a downwardfacing nozzle can be explained in the following way. The inner and outer diameters of the downward-facing nozzles used in this study are of the same order of magnitude (3:9 ! d no =d ni ! 1:3). The diameters of bubbles generated at the nozzle tip were greater than the outer diameter of the nozzle, d no . In this situation a force balance for the downward-facing nozzle also is approximated by eq. (2). However, it is not obvious which diameter, d ni or d no , should be chosen for the calculation of the peripheral length of the nozzle along which the surface tension force acts. For convenience, we represent that diameter by d n and later determine its appropriate value using experimentally obtained data on f B0 .
As g is negligibly small compared to L , replacement of d ni in eq. (2) by d n yields
In a strict sense, an effect of the nozzle edge should be included in the analysis. 3.2.2 Bubble volume in the middle gas flow rate regime 2, 21) We previously proposed the following empirical equation for the frequency of bubble formation from an upward-facing nozzle in the middle gas flow rate regime under the constant flow condition 22) f B0 ¼ 13:
It should be noted that the original equation of f B0 is dimensionless. Equation (4) leads to the volume of a bubble, V B2 , in the following form. By referring to this empirical equation, the same functional relationship as that in eq. (5) is assumed for a downwardfacing nozzle and d ni is replaced by d n .
Also in this equation an appropriate value of d n should be determined by using measured data on f B0 . 3.2.3 Frequency of bubble formation from downwardfacing nozzle in the regime between low and middle gas flow rate regimes The frequency of bubble formation, f B0 , in the regime between the low and middle gas flow rate regimes is assumed to be 
The index n in eq. (8) was found to be 7/8. The solid line is the most suitable for predicting the measured values of f B0 . The other lines were drawn also for n ¼ 7=8 for comparison. Accordingly, the following empirical equation was proposed.
An explanation on the adequacy of eq. (9) will be given in the following manner. When the gas flow rate is low, each bubble generated successively at the nozzle tip moves upward following the preceding bubbles without being captured by the nozzle tip because the nozzle is wetted by water. This seems the reason why the bubble formation in the low gas flow rate regime is influenced by the inner diameter of the nozzle. On the other hand, the gas issuing out of the nozzle is accumulated just beneath the nozzle tip in the middle gas flow rate regime. According to this gas accumulation, each bubble behaves as if it were growing from a nozzle with a diameter of d no .
All the measured values of f B0 were correlated by eq. (9) within a scatter of À20% to þ30%, as shown in Fig. 4 . Such a scatter is acceptable in this kind of measurement. À3 m and d no ¼ 7:0 Â 10 À3 m were non-dimensionalized by f B0 and plotted against the gas flow rate, Q g , in Fig. 5 . When the gas flow rate was low, f B = f B0 was greater than unity, while it decreased with an increase in Q g and then became smaller than unity as Q g exceeded a critical value, Q gc . The same tendency can be observed for other nozzles, as partly demonstrated in Fig. 6 .
These results suggest that f B = f B0 changes as schematically shown in Fig. 7 . Such a change in f B = f B0 with Q g resembles that for an upward-facing nozzle subjected to rotating flow. 20) Two thick solid lines are expressed by
where k 1 , k 2 , and m are constants, Fr m is the modified Froude number and Q g1 denotes the gas flow rate at the intersection of eqs. (10) and (11) . The change in f B = f B0 in Fig. 7 can be explained as follows. 20) When the gas flow rate, Q g , is low, bubbles generated at the nozzle tip are forced to move in the rotating flow direction, as shown in Fig. 8(a) . As a result, the frequency of bubble formation increases with an increase in the rotating flow velocity, v . Meanwhile, as Q g increases, each bubble generated at the nozzle tip is partly engulfed in the wake of the lance [see Fig. 8(c) ], and accordingly, f B becomes smaller than f B0 . This fact suggests that the critical gas flow rate, Q gc , is governed by the outer diameter of the nozzle, d no . 3.3.2 Empirical equation of f B = f B0 for gas flow rate Q g lower than Q g1 The data on f B0 shown in the preceding section shows that f B is governed by the inner diameter of the nozzle, d ni , when Q g is lower than Q g1 . By referring to the previous article, 20) f B = f B0 is assumed to be expressed by eq. (10) as a sole function of the modified Froude number, Fr m . Figure 9 shows that the measured values of f B = f B0 are satisfactorily approximated by the following empirical equation.
3.3.3 Empirical equation of f B = f B0 for gas flow rate Q g higher than Q g1 The critical gas flow rate, Q gc , seems dependent on the outer diameter of the nozzle, d no , as mentioned in 3.3.1. Figure 10 demonstrates that Q gc is satisfactorily correlated in terms of the outer diameter of the nozzle, d no .
Unfortunately, this equation is not expressed in a dimensionless form. Further investigation is required for Q gc . Figure 11 shows that the index, m, in eq. (11) Combination of eqs. (11) and (15) gives 3.5 Applicability of empirical equations (13a), (13b) and (16) to predicting the frequency of bubble formation in a molten metal bath According to the previous experimental results for the frequency of bubble formation from an upward-facing singlehole nozzle immersed in a molten metal bath, 22 ) the frequency of bubble formation, f B0 , depends on the physical properties of gas and molten metal. In addition, the dependency of f B0 on the wettability of a nozzle by molten metal must be taken into account. Therefore, the presently derived empirical equations of f B , eqs. (13a), (13b) and (16) , cannot be directly applied to predicting the frequency of bubble formation in molten metal baths. The effect of rotating flow on f B , however, appears to be the same. Further work must be carried out to derive empirical equations for the frequency of bubble formation through a downward-facing nozzle in molten metal baths.
Conclusions
(1) The frequency of bubble formation from a downwardfacing single-hole nozzle in the absence of rotating flow, f B0 , can be approximated by eq. (9) within a scatter of À20% to þ30%. This equation is valid in the regime ranging from the low to middle gas flow rate regimes. 
